The heat shock protein (HSP) response of Salmonella typhi following exposure to elevated growth temperatures was studied. Three major proteins with molecular sizes of 58, 68, and 88 kDa were abundantly expressed when S. typhi cells were shifted from 37 to 45°C and to 55°C. These proteins were also constitutively expressed at 37°C. Western blotting and immunoprecipitation studies with anti-HSP monoclonal antibodies revealed that the 58-and 68-kDa proteins were analogous to the GroEL and DnaK proteins, respectively, of Escherichia coli. These HSPs are also abundantly present in the outer membrane fraction of disrupted cells and, to a lesser extent, in the cytosol. Immunoblotting experiments with sera from patients with a culture-positive diagnosis of typhoid fever showed the presence of antibodies to these HSPs. Nine of twelve sera reacted with the 58-, 68-, and 88-kDa proteins, while three sera reacted only with the 68-and 88-kDa proteins. All 10 sera from healthy individuals showed no binding to these HSPs. In light of the well-documented roles of HSPs in the pathogenesis of microbial infections and as immunodominant antigens, these findings may be relevant for a better understanding of disease processes and for the future development of diagnostic and preventive strategies.
Typhoid fever remains an important disease in the tropical developing countries, with an annual global incidence of 16 million cases and nearly 600,000 deaths (8) . The pathogenesis of typhoid fever and the role of various components of the human immune response to Salmonella typhi remain poorly understood. Research on pathogenesis has focused on Salmonella typhimurium infection in mice, and, consequently, there is little information about S. typhi proteins and genes which may be involved in virulence or which are important in eliciting a host immune response. Heat shock proteins (HSPs) or stress proteins are synthesized by all cells in response to various types of environmental stress and probably function as molecular chaperones in normal physiological processes (7) . Significantly, HSPs of microbial pathogens appear to be involved in pathogenesis and host immune responses (9, 18) . There is strong evidence that they act as immunodominant antigens of many pathogenic microorganisms and are able to activate a major portion of the immune repertoire of an infected host, including antibodies and cytotoxic T lymphocytes (9, 18) . Although many studies of HSPs have been conducted with S. typhimurium (1, 3, 4, 15, 19) and other pathogenic bacteria (16, 17, 20, 22) , there have been very few studies with S. typhi. The paucity of information on S. typhi HSPs is surprising given the potentially important role of these proteins in S. typhi pathogenesis and given the fact that this organism encounters many different types of environmental stress in the infection process. We have thus performed a study to investigate the HSP response of S. typhi cells exposed to heat stress. We show that three major proteins with molecular masses of 58, 68, and 88 kDa are induced, with two of these proteins identified as GroEL and DnaK. Furthermore, we demonstrate that these HSPs are recognized by immune sera obtained from patients with typhoid fever. To our knowledge, this report represents the first study of HSP induction in S. typhi.
S. typhi isolate 111 obtained from a patient with typhoid fever admitted to the University Hospital, Kuala Lumpur, Malaysia, was used in this study. This isolate was obtained, maintained, and identified by standard methods. The isolate was sensitive to various antibiotics as determined by standard diskdiffusion procedures performed according to National Committee for Clinical Laboratory Standards guidelines and did not contain any plasmids as determined by standard procedures. Sera from patients with typhoid fever and control sera from healthy individuals were obtained from the University Hospital and from the blood bank of the University Hospital, respectively. Twelve sera from culture-positive cases of typhoid fever and ten control sera were tested for reactivity with HSPs from heat-shocked S. typhi. Mouse monoclonal antibodies against various HSPs were purchased from StressGen Biotechnologies Corp. (Victoria, British Columbia, Canada) and used according to the manufacturer's instructions. The antibodies used were anti-HSP27 (SPA 800; human HSP27), anti-HSP60 (SPA 807; human HSP60), anti-HSP70 (SPA 820; human HSC70 and HSP70), anti-HSP90 (SPA 830; Achyla ambisexualis HSP90), anti-GroEL (SPA 870; Escherichia coli GroEL), and anti-DnaK (SPA 880; E. coli DnaK). An overnight culture of S. typhi grown at 37°C in nutrient broth was harvested by centrifugation and treated to deplete the intracellular pools of methionine prior to heat shock according to a published protocol (2). After treatment, cells were recovered by centrifugation and resuspended to an optical density at 600 nm of 0.5 immediately before heat shock treatment at 45 and 55°C. One culture (1 ml) was maintained at 37°C as a control, and two cultures were shifted to 45 and 55°C. (10) , and lysed samples were stored at Ϫ20°C until SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the method of Laemmli (11) . The protein concentrations of the samples were determined by the standard method described in the work of Harlow and Lane (6) . The cytosolic and outer membrane fractions of heat-shocked S. typhi cells were prepared by the method of Matsuyama et al. (13) . Western blotting of S. typhi HSPs was carried out according to standard methods (6) . Labeled proteins separated on SDS-10% PAGE gels were electroblotted onto nitrocellulose membranes, and the membranes were dried. The dried membranes were then exposed to Dupont reflection autoradiography films at room temperature for 12 to 36 h. After exposure, the same blots were used for immunodetection. Nitrocellulose membranes were initially blocked for 4 h in blocking buffer (10 mM Tris, 150 mM sodium chloride [pH 7.4], 0.3% [wt/vol] skim milk) at room temperature and then were incubated with anti-HSP monoclonal antibodies (1:800 dilution) or human sera (1:500 dilution). After overnight incubation at room temperature, the membranes were washed and then incubated with a 1:2,500 dilution of horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) (Pierce, Rockford, Ill.) or a 1:5,000 dilution of peroxidase-labeled affinity-purified goat anti-human IgA plus IgG plus IgM (heavy plus light chains; Kirkegaard and Perry Laboratories, Inc., Gaithersburg, Md.) for 2 h at room temperature. After three washes, the membranes were incubated with the substrate 4-chloro-1-naphthol for 5 to 10 min at room temperature. Color development was stopped by washing the membranes in distilled water. Immunoprecipitation of HSPs was carried out by mixing approximately 30 g of radiolabeled cell lysates with anti-HSP monoclonal antibodies for 90 min on ice, followed by the addition of immunoprecipitin (formalin-fixed Staphylococcus aureus cells [Life Technologies, Gaithersburg, Md.] or protein A-Sepharose CL-4B [Sigma Chemical Co., St. Louis, Mo.]) and incubation for another 90 min on ice. The mixture was then centrifuged (1,000 ϫ g for 7 min at 4°C), and the pellet was dissolved in Laemmli buffer and denatured by heating at 100°C for 5 min. The immunoprecipitin was then removed from the supernatant (which contained the dissociated proteins) by centrifugation at 1,000 ϫ g for 7 min at 4°C. The supernatant was analyzed by SDS-PAGE and autoradiography as described above.
Differences are clearly apparent in the proteins synthesized in heat-shocked and non-heat-shocked cells, and a substantial increase in the synthesis of three proteins with molecular sizes of 58, 68, and 88 kDa was noted at a temperature of 45°C (Fig.  1, lane 2) . The results also show that 45°C appears to be the optimal temperature to induce the heat shock response and that the synthesis of these proteins decreased significantly at 55°C (Fig. 1, lane 3) . This may be related to the poor cell viability noted at this temperature. Constitutive expression of these proteins was noted at the 37°C growth temperature (Fig.  1, lane 1) . Although heat shock treatment was carried out for 7 min prior to labeling, time course studies indicated that HSP induction occurs very rapidly and that it is detectable even after 5 to 10 s of heat shock. Experiments also showed that these proteins are abundantly present in the outer membrane fraction of disrupted cells and, to a lesser extent, in the cytosol (data not shown). Western blot analysis with a mixture of anti-HSP monoclonal antibodies showed that the 58-and 68-kDa proteins were consistently detected in the cell extracts but that the 88-kDa protein was not recognized by any of these monoclonal antibodies (data not shown). The monoclonal antibodies were then used individually, and it was found that the 58-and 68-kDa proteins reacted in the Western blot with anti-GroEL and anti-DnaK antibodies, respectively ( Fig. 2 and  3) , suggesting that the 58-and 68-kDa proteins are analogous to the E. coli GroEL and DnaK proteins, respectively. In contrast, the 58-, 68-, and 88-kDa proteins did not bind to anti-HSP60 and anti-HSP70 elicited with HSPs of human origin or to anti-HSP27 or anti-HSP90. When the heat-shocked and non-heat-shocked cell lysates were immunoprecipitated with a monoclonal antibody against the E. coli GroEL protein and S. aureus or protein A-Sepharose, a 58-kDa band was detected. Thus, the 58-kDa HSP of S. typhi is most likely a GroEL-like protein. Similarly, immunoprecipitation with anti-DnaK detected a 68-kDa band, suggesting that this protein is a DnaKlike protein. In order to assess the immunogenicity of these S. typhi HSPs, the reactivities of these proteins with typhoid patients' sera and with normal, control sera were evaluated by Western blotting. Of the 12 typhoid patients' positive sera tested, 9 recognized the 58-, 68-, and 88-kDa HSPs (Fig. 4,  lanes 3 to 11) , while 3 sera recognized only the 68-and 88-kDa proteins (lanes 2, 12, and 13). None of the 10 normal control sera from healthy individuals recognized any of the S. typhi HSPs (lane 1 and lanes 14 to 22).
Apart from a study reporting the nucleotide sequence of the S. typhi groEL gene (12), to our knowledge there has been no published report on the induction and characterization of HSPs of S. typhi. Our data clearly demonstrate that S. typhi responds to heat shock (45 and 55°C) by the accelerated synthesis of a set of HSPs (58, 68, and 88 kDa) belonging to the three major families of HSPs, HSP90, HSP70, and HSP60. These proteins are also constitutively expressed at the normal growth temperature of 37°C. Based on Western blotting and immunoprecipitation results, we identified the 58-and 68-kDa proteins as being analogous to the GroEL and DnaK proteins, respectively, of E. coli. The results suggest that the S. typhi proteins share antigenic epitopes with the corresponding E. coli HSPs, which is not surprising considering the fact that the S. typhi and E. coli GroEL proteins are highly similar at the nucleotide level (12) .
The data obtained in the present study are in good agreement with those obtained when S. typhimurium infection of mice was used as a model for typhoid fever. Studies have shown that S. typhimurium responds to starvation, anaerobiosis, and heat shock by inducing the synthesis of more than 100 proteins (19) and that the levels of approximately 40 proteins increased during growth of S. typhimurium within macrophagelike U937 cells (1) . In another study, hydrogen peroxide and heat shock treatment (28-to-42°C shift) induced the synthesis of 30 proteins of S. typhimurium, including DnaK (15) . Also, a 66-kDa HSP of S. typhimurium was induced when bacterial cells growing at 37°C were shifted to 50°C (4). This protein was recognized by a monoclonal antibody against the 65-kDa HSP of Mycobacterium leprae. Buchmeier and Heffron (3) reported that over 30 proteins of S. typhimurium, including GroEL and DnaK, were induced and synthesized during the infection of macrophages. Although the appropriateness of the S. typhimurium-mouse model for human typhoid fever is sometimes questioned, some studies have suggested that S. typhi and S. typhimurium use similar mechanisms for invasion and intracellular trafficking in cultured human epithelial cells (14) . Similar results showing induction of stress proteins of mainly the HSP60 and HSP70 families have been reported for other pathogenic bacteria (16, 17, 20, 22) .
Although the exact role of HSPs in S. typhi pathogenesis remains unknown, these proteins are potentially of great importance and interest. In the natural transmission of typhoid fever, S. typhi is likely to encounter a wide variety of environmental stresses including varying temperature, nutrient availability, pH, and oxygen level and the presence of toxic chemicals. S. typhi needs to survive in contaminated food and water, in various bodily sites with differing microenvironments (e.g., gastrointestinal tract, intracellular milieu of macrophages, blood, bile, and urine), and in environmental reservoirs (e.g., raw sewage and river water). Clearly, HSPs could be advantageous in ensuring the organism's survival under such a wide range of potentially hostile growth conditions. Also, studies of S. typhimurium HSPs have shown the close involvement of these proteins in virulence and pathogenesis. Studies have shown that a 66-kDa HSP of S. typhimurium is responsible for the binding of the bacterium to intestinal mucus and could thus be viewed as a virulence factor (4). Also, pathogenic Salmonella spp. are primarily intracellular pathogens which survive and multiply in the mononuclear phagocytes of the infected host (5), and major adjustments in the pattern of gene expression occur when Salmonella encounters intracellular conditions. For example, HSPs were induced during S. typhimurium infection of macrophages (3), and it is thought that they contribute to bacterial survival within macrophages by stabilizing bacterial macromolecular complexes after exposure to the toxic and degradative products found within the macrophages (3).
The present study also showed that the induced S. typhi HSPs are immunogenic, as indicated by the presence of anti-HSP antibodies in sera from patients with typhoid fever. Numerous studies have documented antibody responses to S. typhi proteins, and the major antigenic components include the somatic O antigen (endotoxin/lipopolysaccharide), flagellar H antigen, Vi antigen, and outer membrane proteins. In contrast, very little is known about the host immune response to Salmonella HSPs, and, to our knowledge, the present study is the first report documenting the antibody response to HSPs during typhoid fever. Some of the previously studied proteins, such as endotoxin/lipopolysaccharide and porins (10, 21) , are protective in mice, and their possible relationships to HSPs remain to be elucidated. The protective porins/outer membrane proteins, for example, possess components which are similar in molecular size to the HSPs (21), and it is possible that HSPs are actually present, as the present study showed HSPs to be abundantly present in the outer membrane fraction of disrupted cells. The observation that pathogen stress proteins are immunodominant antigens and are targets for the host immune response is well documented (9, 18) , and many bacterial HSPs have been shown to be immunogenic proteins, e.g., GroEL of S. typhimurium (3), GroEL and GroES of Campylobacter jejuni (22) , GSP63 of Neisseria gonorrhoeae (16) , and GroEL and GroES homologs of Helicobacter pylori (17) . HSPs are clearly targets of the immune response in a broad spectrum of infections, and it is thought that this is related to the abundance of these proteins under conditions of stress. For example, GroEL and DnaK are the most abundant proteins expressed by Salmonella within the macrophage (3), and it may be their abundance within an important antigen-presenting cell that contributes to their apparent immunodominance and their ability to influence the type of immune response activated during infection. It is not clear at present whether the immune response to HSPs is protective, and detailed characterization of this response will be the subject of further study.
In conclusion, the present study demonstrates clearly that HSPs are induced and expressed in S. typhi following thermal stress and that these entities are targets for the host immune response, as indicated by the presence of antibodies in sera from patients with typhoid fever. In relation to the probable central role of HSPs, future studies should be pursued to further delineate the role of HSPs in the pathogenesis of typhoid fever and their possible applications in diagnostic testing and development of vaccines.
